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ABSTRACT
We study the evolution of galaxies and the circumgalactic medium (CGM) through cosmic time by
correlating ∼ 50, 000 MgII absorbers, tracers of cool gas (∼ 104 K), detected in the SDSS quasar spectra
with galaxies detected in the DESI Legacy Imaging Surveys. By doing so, we extract the properties of
galaxies associated with absorbers from redshift 0.4 to 1.3 with effectively ∼ 15, 000 pairs and explore
the covering fraction of MgII absorbers as a function of galaxy type, stellar mass, impact parameter,
and redshift. We find that the gas covering fraction increases with stellar mass of galaxies by ∼M0.4∗ .
However, after we normalize the impact parameter by the virial radius of dark matter halos, the gas
profiles around galaxies with masses ranging from 109 to 1011M become weakly dependent on stellar
mass. In addition, the gas distribution depends on galaxy type: the covering fraction within 0.3 rvir
around star-forming galaxies is 2-4 times higher than that around passive galaxies at all redshifts. We
find that the covering fraction of strong absorbers (Wλ2796 > 1 A˚) around both types of galaxies evolves
significantly with redshift, similarly to the evolution of star-formation rate of galaxies, while such an
evolution is not detected for weak absorbers (Wλ2796 < 1 A˚). We quantify the HI mass traced by strong
absorbers and find that the gas mass around galaxies evolves consistently with the star-formation rate
of galaxies. This result suggests that the properties of galaxies and their CGM co-evolve through
cosmic time. Finally, we discuss the origins of strong absorbers around passive galaxies and argue that
its redshift evolution may trace the star-formation activity of satellite galaxies.
Keywords: galaxy evolution, the circumgalactic medium, quasar absorption line spectroscopy
1. INTRODUCTION
Gas flow processes, such as gas accretion and outflows,
that regulate the amount of gas in and out of galaxies
play an important role in driving the evolution of galax-
ies. These processes are expected to leave their signa-
tures in gas around galaxies, the circumgalactic medium
(CGM, Tumlinson et al. 2017, for a review). By studying
the connection between galaxies and their CGM, one can
therefore better understand how galaxies evolve through
time. For several decades, absorption line spectroscopy
has been used to probe the CGM via its absorption line
features seen in spectra of background sources. MgII
absorption lines λλ2796, 2803A˚ in particular have been
used as one of the key tracers of cool gas (∼ 104 K) in the
CGM because of their strength and visibility in optical
spectra from redshift 0.4 to 2.5.
Since the discovery of the first galaxy-MgII absorber
pair (Bergeron 1986), two approaches have been applied
to investigate and characterize the relationships between
MgII absorbers and their associated galaxies. The first
approach involves performing targeted spectroscopic ob-
servations to identify and compile samples of galaxy-
absorber pairs. By doing so, studies have probed the
global distribution of gas around galaxies (e.g., Steidel
et al. 1994; Chen et al. 2010; Nielsen et al. 2013; Werk
et al. 2013), constrained the properties of gas associated
with galactic outflows and inflows (e.g., Kacprzak et al.
2012; Bouche´ et al. 2012; Schroetter et al. 2016; Ho et
al. 2017; Zabl et al. 2019) and revealed the small-scale
structure of the CGM (e.g., Rubin et al. 2018). The
second approach involves statistical analyses on large
datasets from sky surveys. Novel relationships between
galaxies and their CGM, such as the small-scale corre-
lation between MgII absorption and galaxy properties
(e.g., Zibetti et al. 2007; Me´nard et al. 2011; Bordoloi et
al. 2011; Zhu & Me´nard 2013a; Lan et al. 2014; Lan &
Mo 2018) and the large-scale gas distribution (e.g., Zhu
et al. 2014; Huang et al. 2016; Kauffmann et al. 2017),
have emerged with this approach. While these studies
have found interesting trends, most of the measurements
are obtained at low redshifts (z < 1) because it is expen-
sive and challenging to perform similar measurements
at higher redshifts. Therefore, how the galaxy-CGM
connection evolves through cosmic time is still poorly
known.
In this paper, we study the co-evolution of galax-
ies and the CGM from redshift 0.4 to 1.3 by cross-
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correlating MgII absorbers with galaxies detected in the
DESI Legacy Imaging Surveys (hereafter the Legacy
Surveys1 Dey et al. 2019), which cover the footprint of
the Sloan Digital Sky Survey (SDSS, York et al. 2000)
with 2 magnitudes deeper imaging data. The structure
of the paper is as follows. Our data analysis is described
in Section 2, and our results are presented in Section 3.
The implications of our results are discussed in Section
4, and we summarize in Section 5. Throughout the pa-
per we adopt a flat ΛCDM cosmology with h = 0.7 and
ΩM = 0.3.
2. DATA ANALYSIS
2.1. Datasets
Galaxy catalog: To investigate the connection be-
tween galaxies and absorbers, we make use of a large
galaxy catalog provided by the DESI Legacy Imaging
Surveys (Dey et al. 2019). The Legacy Surveys consist
of three public surveys, the Dark Energy Camera Legacy
Survey, the Beijing-Arizona Sky Survey, and the May-
all z-band Legacy Survey. These surveys together cover
about 14,000 deg2 of the sky with g, r, and z bands. The
primary goal of the surveys is to provide the imaging
dataset required for selecting galaxy candidates of the
DESI spectroscopic survey (Levi et al. 2013). In this
analysis, we make use of the DR8 catalog2, in which
galaxies are detected and their properties are character-
ized by the Tractor algorithm3 (Lang et al. 2016) (See
also Section 8 in Dey et al. 2019). The catalog consists
of about 9× 108 galaxies.
We further restrict our analysis within the footprint
of the Legacy Surveys with at least three exposures in z-
band and g-band and with the 5σ limiting magnitude for
extended sources in z-band being deeper than 22.5. The
corresponding median limiting magnitudes of g and z
bands for extended sources are about 24.2 and 23, which
are about two magnitudes deeper than that of the SDSS.
Metal absorber catalog: For metal absorbers, we
use the JHU-SDSS MgII absorber catalog4 provided by
Zhu & Me´nard (2013b). The MgII absorbers are de-
tected from spectra of the SDSS I/II DR7 (Schneider et
al. 2010) and SDSS-III DR12 (Paˆris et al. 2017) quasars
via a fully automatic algorithm developed by the au-
thors. We include absorber systems detected in both
SDSS DR7 and DR12 quasar catalogs. In addition, we
remove duplicated absorber entities detected in multi-
ple observations of same quasars in both SDSS I/II and
SDSS-III surveys. The sample contains ∼ 53,400 unique
absorbers from redshift 0.4 to 2.5 with rest equivalent
widths Wλ2796 greater than 0.4 A˚ in the selected foot-
1 legacysurvey.org
2 legacysurvey.org/dr8/description/
3 github.com/dstndstn/tractor
4 www.guangtunbenzhu.com/jhu-sdss-metal-absorber-catalog
print of the Legacy Surveys. There are ∼ 26,000 ab-
sorbers at redshifts 0.4 to 1.3, the main redshift region
of our analysis.
2.2. Methods
2.2.1. Mean number of galaxies associated with MgII
absorbers
To study the galaxy-CGM connection, we perform a
cross-correlation analysis between MgII absorbers and
the photometric galaxies detected in the Legacy Sur-
veys. Here we adopt the method developed in Lan et
al. (2014). We start from a set of absorbers (with simi-
lar absorption strength and redshift), count the number
of photometric galaxies detected within a given physical
aperture, and calculate the mean number of photometric
galaxies per absorber with
〈NQ(abs)gal 〉 =
∑Nabs
j N
Q(abs,j)
gal × w
Nabs
, (1)
where Nabs is the total number of selected absorbers,
N
Q(abs,j)
gal is the number of galaxies around an absorber
j, and w is a correction factor for the galaxy number
count close to the quasar line of sight (< 4”) due to the
blending between galaxies and quasars. The details of
the functional form for w are described in the Appendix.
Here we assume that all the photometric galaxies are at
the same redshifts of the absorbers. This mean galaxy
number count around absorbers,〈NQ(abs)gal 〉, consists of
two populations
〈NQ(abs)gal 〉 = 〈Nabsgal 〉+ 〈Nbg〉 (2)
where 〈Nabsgal 〉 is from galaxies that are physically asso-
ciated with absorbers and 〈Nbg〉 is from background or
foreground galaxies which are not associated with ab-
sorbers.
To estimate the contribution from unassociated galax-
ies, we perform the same procedure with a set of refer-
ence quasars which are selected to have SDSS i-band
magnitude and redshift within 0.05 differences to the
magnitude and redshift of the quasars with MgII ab-
sorbers. If fewer quasars satisfy these criteria, we in-
crease the difference by 0.05 in both magnitude and
redshift and search for reference quasars again. For
each absorber, we select four reference quasars without
any prior knowledge of the detection of absorbers along
the line of sight. This selection ensures that the refer-
ence quasars are a representative sample that captures
other galaxy contributions, including galaxies clustering
with background quasars and galaxies associated with
absorbers detected at different redshifts along the same
line of sight, which are not correlated with the presence
of absorbers at the redshifts of interest. With this refer-
ence set, we calculate the mean number of galaxies per
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reference quasar, 〈NQ(ref)gal 〉, with
〈NQ(ref)gal 〉 =
∑Nref
j N
Q(ref,j)
gal × w
Nref
, (3)
and use it as an estimator of 〈Nbg〉. By subtracting
〈NQ(ref)gal 〉 from 〈NQ(abs)gal 〉 in Eq. 2, we obtain the prop-
erties of galaxies associated with absorbers 〈Nabsgal 〉. Ex-
ploring 〈Nabsgal 〉 as a function of galaxy and absorber
properties informs us on the connection between galaxies
and their CGM. The uncertainties of the number counts
are estimated by bootstrapping the absorber catalog 500
times.
2.2.2. Covering fraction estimation
In addition to investigating the galaxy population con-
nected to absorbers, it is crucial to characterize the in-
cidence rate of absorbers around a galaxy population,
e.g., covering fraction, fc. It can be estimated as
fc = N
[abs]
gal /Ngal(∆z), (4)
where N
[abs]
gal is the average number of galaxies connected
to MgII absorbers per random sight-line within a certain
aperture and Ngal(∆z) is the average number of galaxies
at the same redshift range per random sight-line.
The numerator in Equation 4 can be estimated by
N
[abs]
gal = 〈Nabsgal 〉 ×
dN
dz
(Wλ2796)× dz (5)
where dNdz (Wλ2796) is the incidence rate of MgII ab-
sorbers adopted from Zhu & Me´nard (2013b).
To estimate the denominator of Equation 4, we use
galaxy catalogs from two galaxy surveys: (1) the PRIsm
MUlti-object Survey (PRIMUS Coil et al. 2011; Cool et
al. 2013) and (2) UltraVISTA5(McCracken et al. 2012).
The PRIMUS survey is a galaxy redshift survey with
magnitude limits similar to the magnitude limit of the
Legacy Surveys. To obtain Ngal(∆z), we first count the
number of PRIMUS galaxies with the selected redshift
range and galaxy properties and divide it by survey area.
We then scale it to the desired physical aperture size.
When calculating the number of PRIMUS galaxies, in-
stead of counting the raw number of galaxies in the cata-
log, we use the WEIGHT parameter of each galaxy pro-
vided by the catalog which accounts for the incomplete-
ness due to target selection, collision of potential targets
for spectroscopic observations, and redshift failures (see
Moustakas et al. 2013). In addition, we only use galaxies
in COSMOS, XMM-SXDS, and XMM-CFHTLS fields
because galaxies there within are selected with observed
i-band brighter than 23 magnitude, a depth sufficient
5 www.ultravista.org/
for our purpose. The total footprint of the three fields
is ∼ 3.2 deg2. We use galaxy counts from PRIMUS to
estimate Ngal (∆z) from redshift 0.4 to 1.
To estimate the covering fraction beyond redshift 1,
we use the galaxy catalog6 from the UltraVISTA sur-
vey, which is 2-3 magnitudes deeper than the Legacy
Surveys and covers ∼ 1.6 deg2 in the COSMOS field.
We use the dataset of the first data release from Muzzin
et al. (2013a) which provides the photometric redshifts
of galaxies derived from 30 bands and the physical prop-
erties of galaxies, such as stellar mass and absolute mag-
nitudes via spectral energy distribution fitting. To cal-
culate Ngal(∆z), we count the raw number of galaxies in
the catalog given that with a limiting magnitude much
deeper than the Legacy Surveys, the survey is expected
to detect all the galaxies brighter than 22.5 magnitude
in z-band.
2.2.3. Stellar mass estimation
In order to compare the galaxy-CGM connection as
a function of redshift, we estimate the stellar mass of
galaxies based on the observed g − z galaxy color and
z-band magnitude (e.g., Mostek et al. 2012). To do so,
we use the UltraVISTA galaxy catalog from Muzzin et
al. (2013a,b). For each photometric galaxy around ab-
sorbers in the Legacy surveys, we first search UltraV-
ISTA galaxies having photometric redshifts within 0.05
of the absorber redshifts. From the redshift-selected
sample, we find the UltraVISTA galaxy that is clos-
est to the photometric galaxy in z-band magnitude and
g − z color space and adopt the stellar mass of the Ul-
traVISTA galaxy as the stellar mass of the galaxy. We
remove galaxies around absorbers having the closest dis-
tance to its matched UltraVISTA galaxy in z-band and
g−z color space greater than 0.3 because those galaxies
are expected to be background or foreground galaxies
that are not at the redshift of absorbers. Additionally
to the galaxies around absorbers, we apply the same pro-
cess to the PRIMUS galaxies. This is for calibrating all
the galaxies with the same fitting procedure. We note
that the stellar mass measurements in the PRIMUS cat-
alog (Moustakas et al. 2013) are systematically 0.1 dex
higher than the stellar mass measurements from the Ul-
traVISTA catalog with ∼ 0.2 dex scatter.
Galaxies are further separated into star-forming and
passive ones according to their g − z colors. To obtain
the color cuts, at redshift lower than 1, we use the stellar
mass-star-formation rate (SFR) relation in Moustakas et
al. (2013) and separate the PRIMUS galaxies into the
two populations. We then identify the g − z color cut
that maximizes the separate of the two galaxy popu-
lations at each redshift bin. At redshift greater 1, we
apply a similar procedure but use the UVISTA catalog
and separate the two populations in U − V and V − J
6 www.strw.leidenuniv.nl/galaxyevolution/ULTRAVISTA/Ultravista/
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Figure 1. Mean number of associated galaxies per absorber
within 200 kpc as a function of redshift. The galaxy signal
from the SDSS imaging dataset (z-band< 20.7) and the sig-
nal from the Legacy Surveys (z-band< 22.5) are shown by
the green and black data points respectively.
space following Muzzin et al. (2013b). We note that
at redshift lower 1, the color cuts from UltraVISTA are
consistent with the cuts from PRIMUS.
3. RESULTS
3.1. Observed properties of galaxies associated with
MgII absorbers
Being deeper than the SDSS, the Legacy Surveys are
expected to detect fainter galaxies associated with ab-
sorbers. Figure 1 shows the number of galaxies asso-
ciated with absorbers within 200 kpc, 〈Nabsgal 〉, detected
in the SDSS (green) and the Legacy Surveys (black)
as a function of redshift. As can be seen, the signals
obtained from the SDSS and the Legacy Surveys are
significantly different; the SDSS detects galaxies up to
redshift 0.8 while the Legacy Surveys detect galaxies
up to redshift about 1.3. At z < 0.7, the 〈Nabsgal 〉 val-
ues are consistent with 1, suggesting that the Legacy
Surveys are deep enough to detect bulk of associated
galaxies, if not all; this enables exploring the galaxy
population connected to MgII absorbers. The measure-
ments are obtained by averaging over a few thousand
MgII absorbers for each redshift bin. Together with
the 〈Nabsgal 〉 values, we estimate the effective number of
galaxy-absorber pairs within 200 kpc to be∼15,000 from
redshift 0.4 to 1.3, about two orders of magnitude larger
than the sizes of previous samples obtained by targeted
spectroscopic observations designed to identify individ-
ual galaxy-absorber pairs (e.g., Nielsen et al. 2013).
Figure 2 shows the z-band magnitude distribution
of galaxies associated with MgII absorbers (Wλ2796 >
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Figure 2. Magnitude distribution of associated galaxies as
a function of redshift. The 5-σ limiting magnitude is 22.5
indicated by the vertical dashed lines.
0.4 A˚) detected in the Legacy Surveys as a function
of redshift. As expected, the brightness of associated
galaxies becomes fainter at higher redshifts and the
measurements become consistent with zero at redshifts
higher than 1.5.
Below z < 0.6, the magnitude distribution has an
interesting shape; the mean number of galaxies peaks
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Figure 3. Redshift evolution of the covering fraction of MgII absorbers. The data points show the best-fitting covering fraction
at 100 kpc. The upper panel shows the results of weak absorbers (0.4 < Wλ2796 < 1 A˚) and the lower panel shows the results of
strong absorbers (Wλ2796 > 1 A˚). The left and right columns show the results for star-forming and passive galaxies respectively.
The color lines show the best-fit redshift and mass relation (Equation 6). The grey dashed line in lower-left panel shows the
redshift evolution of star-formation rate of galaxies with a fixed stellar mass from Whitaker et al. (2012).
around 20 magnitude in z-band and decreases toward
the faint end. Such a decline is an intrinsic property of
associated galaxies. It is not due to the incompleteness
of the imaging survey as the decline starts at around
20 magnitude which is 2.5 magnitudes brighter than
the survey limiting magnitude indicated by the vertical
dashed lines.
We find that the shape of the magnitude distribu-
tion is inconsistent with the shape of the global mag-
nitude distribution of galaxies at the same redshift with
fainter galaxies dominating the number counts. We fur-
ther explore the corresponding stellar mass distribution
and find that MgII associated galaxies with stellar mass
> 1010M contribute to about 70% of the total signal.
This result illustrates that MgII absorbers preferentially
trace galaxies with stellar mass > 1010M, consistent
with clustering measurements (e.g., Bouche´ et al. 2006;
Lundgren et al. 2009) showing galaxies associated with
strong absorbers on average residing in dark matter ha-
los with ∼ 1012M. It is also consistent with the in-
ferred galaxy population, based from the stellar mass
and metallicity relation (e.g., Mannucci et al. 2009), hav-
ing sufficiently high metallicity to produce about solar
metallicity of the circumgalactic MgII absorbers (Lan &
Fukugita 2017).
3.2. Redshift evolution of gas distribution
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Figure 4. Covering fraction of strong absorbers with impact parameters normalized by the virial radius of dark matter halos
as a function of redshift. Top: Gas around star-forming galaxies. Bottom: Gas around passive galaxies. The colors indicate
the stellar mass of galaxies. The color lines show the best-fit functions for fc(< 2rvir). The best-fit profiles for star-forming
galaxies with 1010.5M are also shown in blue in the lower panels for comparison.
We now explore the distribution of cool gas traced by
MgII absorbers around galaxies. To do so, we measure
the covering fraction of MgII absorbers around galaxies
from 20 kpc to 600 kpc as a function of stellar mass,
galaxy type, and redshift and fit the covering fraction
with
fc = A100 ×
(
rp
100 kpc
)γ
, (6)
where the γ values are obtained from a global fitting for
each galaxy type and rest equivalent width cut as listed
in Table 1. In the Appendix, we show the measured
covering fraction and the best-fit power law profiles.
Figure 3 shows the best-fit values of A100 as a func-
tion of stellar mass and redshift from 0.4 to 1.3. We find
that the gas distribution depends on the stellar mass;
the trend is observed not only in galaxy types but also
in absorption strength. In addition, we find that A100
of strong absorbers for both star-forming and passive
galaxies evolves significantly with redshift by increasing
a factor of 3 from redshift 0.4 to 1.3 with a given stel-
lar mass, while such a trend is not observed for weak
absorbers. To quantify the redshift evolution and the
stellar mass dependence, we characterize A100 with
A100 = A×
(
1 + z
)α(
M∗
1010M
)β
. (7)
The best-fit relations are shown by the color lines in
Figure 3 and the best-fit parameter values are listed in
Table 2.
We find that the A100 for star-forming galaxies scales
with stellar mass of galaxies by ∼ M0.5∗ , while the cov-
ering fraction around passive galaxies has a weaker de-
pendence with ∼ M0.3∗ . This stellar mass dependence
is consistent with the results of Chen et al. (2010) who
reported that scaling the MgII gas distribution by the lu-
minosity of galaxies with ∼ L0.35B reduced the scatters of
gas distribution. It is also consistent with the results of
Prochaska et al. (2014), showing that the covering frac-
tion of CII absorption lines increases with stellar mass
of galaxies. We also note that the covering fraction of
neutral hydrogen at local Universe obtained by Bordoloi
et al. (2018) follows the same trend, showing that the
covering fraction scales with stellar mass by M0.3∗ .
The parameter values for the redshift dependence,
α, are consistent with no evolution for weak absorbers
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around passive galaxies and with a weak evolution
around star-forming galaxies ∼ (1 + z)1, but they in-
dicate significant evolution for strong absorbers with
∼ (1 + z)2−2.5. These redshift trends are observed in
both types of galaxies. The redshift evolution indicates
that in addition to stellar mass, there are more parame-
ters that are connected to the covering fraction of strong
absorbers. One possible parameter is the star-formation
rate of galaxies which evolves similarly with the cover-
ing fraction of strong absorbers as shown by the grey
dashed line in Figure 3. We will further explore such a
possibility in Section 3.4.
3.3. Gas distribution in dark matter halos
A fixed physical scale corresponds to different virial
radius of dark matter halos. Therefore, in addition to
characterize the covering fraction in physical space, we
explore the gas distribution with respect to the size
of dark matter halos. To do so, we obtain the halo
mass based on the stellar mass-halo mass relation from
Behroozi et al. (2013) and the virial radius based on
the analytic formula from Bryan & Norman (1998). We
normalize the impact parameters by the virial radius of
dark matter halos. Figure 4 shows the covering fraction
of strong absorbers (Wλ2796 > 1 A˚) around star-forming
(top) and passive galaxies (bottom) as a function of red-
shift. The colors show the covering fraction measure-
ments of galaxies with different stellar mass. We find
that after the normalization, the covering fraction of
star-forming galaxies with different masses now aligns
with each other. We also observe that the profiles of
inner (< 0.5rvir) and outer regions (> 0.5rvir) have dif-
ferent slopes; this trend has also been seen in previous
studies (e.g., Lan & Mo 2018), showing that the cover-
ing fraction at small scales around star-forming galaxies
is systematically higher than the extrapolation from the
best-fit profile obtained at larger scales.
To characterize the inner and outer regions of the cov-
ering fraction of strong absorbers around star-forming
galaxies as a function of redshift, we use a global func-
tion with a combination of an exponential and a power
law profiles:
fc = f
exp
c + f
power
c , (8)
where
f expc = exp
(−rp/rvir
c(1 + z)d
)
& (9)
fpowerc = A×
(
1 + z
)α(
M∗
1010M
)β(
rp
rvir
)γ
. (10)
The best-fit profiles are shown with the color dashed
lines in the upper panel of Figure 4. We apply the same
function form to fit the gas profiles of strong absorbers
around passive galaxies and find that the power law
fpowerc alone is sufficient to describe the profiles around
passive galaxies as shown in the lower panel of Figure 4.
Similarly, we also find that the power law fpowerc alone is
sufficient to describe the gas profiles of weak absorbers
around both types of galaxies. The best-fit values are
listed in Table 3.
For strong absorbers around star-forming galaxies,
we find that both f expc and f
power
c evolve with red-
shift. We find that the covering fraction of strong ab-
sorbers around passive galaxies evolves with redshift
by (1 + z)4±0.4, similar to evolution of fpowerc for star-
forming galaxies. For weak absorbers, the covering frac-
tion does not show strong evolution with redshift simi-
larly to the measurements in physical space.
In contrast to the redshift evolution, we find that after
the normalization, the covering fraction becomes weakly
dependent on the stellar mass around star-forming
galaxies for both weak and strong absorbers. This trend
was also reported in Churchill et al. (2013a,b). How-
ever, the covering fraction correlates with stellar mass
negatively around passive galaxies (M−0.6 for strong
absorbers and M−0.3 for weak absorbers) as shown in
the lower panel of Figure 4. We note that this de-
creasing trend is driven by the most massive bin 11 <
log(M∗/M) < 11.5. If the bin is excluded from the fit-
ting procedure, the stellar mass dependence of the cov-
ering fraction becomes weaker with M−0.3∗ for strong
absorbers and consistent with no correlation for weak
absorbers.
The power law components for strong absorbers
around star-forming galaxies and passive galaxies are
consistent with each other in terms of the radial pro-
file and the redshift evolution. The consistency suggests
that there is a common mechanism, which is not sen-
sitive to the current star-formation activity of the cen-
tral galaxies, giving rise to the absorption. On top of
this gas absorption, another mechanism connecting to
the SFR of the central galaxies produces extra gas ab-
sorption in the inner regions of the halos of star-forming
galaxies, which is captured by fexpc . We note that within
about 0.3rvir, the covering fraction of strong absorbers
around star-forming galaxies is about 2-4 times higher
than the covering fraction around passive galaxies. The
difference between the gas covering fraction around star-
forming and passive galaxies can be seen in the lower
panel of Figure 4, where the best-fit gas profile around
star-forming galaxies is shown with the blue lines. This
demonstrates that the dichotomy of galaxy types is re-
flected in cool gas traced by strong absorbers in the
CGM at all redshifts, consistent with previous findings
at low redshifts.
Previous studies (e.g., Bordoloi et al. 2011; Zhu &
Me´nard 2013b; Lan et al. 2014; Lan & Mo 2018; Mar-
tin et al. 2019) have shown that the excess absorption
around star-forming galaxies tends to be found along
the minor axis of galaxies, suggesting that the gas is
likely associated with galactic outflows. In this case, the
gas profiles around star-forming galaxies contain cru-
cial information for constraining the initial conditions
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of gas outflows such as velocity and ejected mass (e.g.,
Lan & Mo 2019). The redshift evolution of fexpc fur-
ther suggests that at high redshifts, the gas associated
with galactic outflows may travel farther away from the
galaxies. In the following, we will estimate the amount
of gas mass around galaxies and how the gas mass in the
halos evolves with redshift.
3.4. Evolution of the HI mass and its connection to
the SFR of galaxies
We now estimate the neutral hydrogen mass traced
by MgII absorbers in the CGM within the virial radius
with
MHI(< rvir) ∼ 2pimH
∫ rvir
10 kpc
NˆHI fc(rp) rp drp. (11)
where NHI is taken from the empirical relationship be-
tween Wλ2796 and NHI in Lan & Fukugita (2017):
NˆHI = 10
18.96
(
Wλ2796
1A˚
)1.69(
1 + z
)1.88
cm−2. (12)
We note that while the scattering of NHI for individ-
ual absorbers is about 0.5-1 dex with a given Wλ2796
(see Figure 1 in Lan & Fukugita (2017)), here we only
consider the median amount of NHI traced by MgII ab-
sorbers and the corresponding redshift evolution. The
redshift evolution of NHI in MgII absorbers is signif-
icantly detected in Matejek et al. (2013) and Lan &
Fukugita (2017). The statistical uncertainty of Eq 12
is included in the estimation of MHI.
To estimate NˆHI, we use the median Wλ2796 values
from the absorber sample of Zhu & Me´nard (2013b)
which are ∼ 0.65 A˚ for weak absorbers and ∼ 1.5 A˚ for
strong absorbers. Given that the gas distribution traced
by strong absorbers shows a significant evolution with
redshift, in the following we focus on MHI traced by
strong absorbers.
Figure 5 shows the amount of neutral hydrogen traced
by strong absorbers (Wλ2796 > 1A˚) in the cool CGM as a
function of stellar mass and redshift. The MHI increases
with stellar mass around both star-forming galaxies and
passive galaxies, while with a fixed stellar mass, star-
forming galaxies have more neutral gas than passive
ones. Such a difference is due to the excess absorption in
the inner regions of cool gas traced by strong absorbers.
Moreover, with a fixed stellar mass, the neutral hydro-
gen mass increases with redshift. We parameterize the
redshift and stellar mass dependence with
MHI
M
= A× 109
(
1 + z
)α(
M∗
1010M
)β
(13)
where the best fit values of the parameters are listed in
the bottom part of Table 2.
We find that the redshift evolution of the amount
of neutral hydrogen traced by strong absorbers around
star-forming galaxies, ∼ (1 + z)3, is consistent with the
redshift evolution of star-formation rate of galaxies (e.g.,
Whitaker et al. 2012; Lee et al. 2015; Scoville et al. 2017).
To demonstrate that, we explore the correlation between
MHI and SFR by adopting the average SFR of galaxies
for each stellar mass and redshift bin based on the em-
pirical relation of the SFR-stellar mass as a function of
redshift described in Whitaker et al. (2012):
log
(
SFR
M yr−1
)
= (0.7− 0.13z)× (logM∗/M − 10.5)
+ (0.38 + 1.14z − 0.19z2), (14)
where z is the redshift of galaxies.
The left panel of Figure 6 shows MHI(< rvir) traced
by strong absorbers around star-forming galaxies as a
function of SFR. As can be seen, MHI(< rvir) values at
different redshifts now align on a sequence, which can
be described by a power law,
MHI(< rvir) = (2.0±0.1)×109
(
SFR
10Myr−1
)1.0±0.1
M,
(15)
as shown by the grey line. This result shows that the
redshift evolution of neutral hydrogen mass traced by
strong absorbers and the SFR of galaxies are consistent
with each other.
While the correlation between MHI and SFR may sug-
gest a connection between the cool gas in the CGM and
the star-formation activity of the central galaxies, we
note that the neutral hydrogen mass traced by strong
absorbers around passive galaxies also evolves consis-
tently with the evolution of SFR. Given that the central
galaxies are red and passive with no expected recent
star-formation activity, the evolution of the CGM may
not directly link to the evolution of star-formation activ-
ity of the central galaxies. Instead, it could link to the
star-formation activity of satellite galaxies which are ex-
pected to evolve with redshift similarly to star-forming
galaxies in the field (e.g. See Fig. 3 in Popesso et al.
2012). While the origins of the cool gas around pas-
sive galaxies are still under debate, the cool gas associ-
ated with satellite galaxies, if not destroyed, is expected
to be one of the sources contributing to the gas halos.
In Section 4.2, we will explore this scenario and show
that the cool gas around blue satellites could explain a
large fraction of gas seen around massive passive galax-
ies. In other words, the redshift evolution of gas traced
by strong absorbers around passive galaxies may reflect
the evolution of star-formation activity in dark matter
halos.
To isolate the amount of gas associated only with
the star-formation rate of the central galaxies, we cal-
culate the excess amount of gas mass, δMHI, around
star-forming galaxies by subtracting MHI around pas-
sive galaxies from MHI around star-forming galaxies.
This is done only for the mass ranges that have the gas
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Figure 5. Evolution of neutral hydrogen mass traced by strong absorbers (Wλ2796 > 1 A˚) within the virial radius as a function
of redshift and stellar mass for star-forming (blue) and passive (red) galaxies. The color lines show the best-fit relations of
Equation 13.
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Figure 6. Neutral hydrogen mass, MHI, traced by strong absorbers as a function of star-formation rate. Left: Total neutral
hydrogen mass within rvir around star-forming galaxies. Right: Excess neutral hydrogen mass, δMHI, connecting to the star-
formation rate of the central galaxies. The dashed lines show the best-fit relations. The open stars in the right panel show the
mass estimated based on the exponential profile fexpc listed in Equation 9.
mass measurements for both types of galaxies. The right
panel of Figure 6 shows the result, indicating that the
excess amount of neutral gas also correlates with SFR
and can be described as
δMHI(< rvir) = (0.9±0.2)×109
(
SFR
10Myr−1
)1.0±0.3
M.
(16)
This result demonstrates that ∼ 50% of cool neutral
gas mass traced by strong absorbers around star-forming
galaxies directly links to the star-formation activity of
the central galaxies, an evidence for the co-evolution of
galaxies and their CGM through cosmic time.
We note that the excess amount of gas, δMHI(< rvir),
is contributed by the inner region of cool gas traced by
strong absorbers around star-forming galaxies captured
by f expc (Eq. 9). We can also estimate the mass based on
the best-fit global gas profile f expc of strong absorbers.
The open stars in the right panel of Figure 6 are the
estimations from the best-fit f expc , which are consistent
with the measured ones.
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As we pointed out in Section 3.3, the exponential com-
ponent may trace the gas absorption associated with
galactic outflows based on the azimuthal angle depen-
dence of gas absorption as found in previous studies
(e.g., Bordoloi et al. 2011; Lan & Mo 2018). In addi-
tion, the ejected mass and velocity of gas outflows in-
crease with the SFR of galaxies (e.g., Martin et al. 2012;
Rubin et al. 2014). Taken together, we argue that the
correlation between δMHI and SFR in the right panel of
Figure 6 is consistent with the outflow scenario - galaxies
with high SFR eject more gas materials with high veloc-
ities which propagate farther away from the galaxies. In
other words, the gas profiles contain crucial information
for constraining models of feedback mechanisms.
4. DISCUSSION
4.1. Comparisons with previous studies
By cross-correlating MgII absorbers with galaxies de-
tected in the Legacy Surveys, we have probed the galaxy
population associated with MgII absorbers. In addition,
we have estimated the covering fraction and showed that
the covering fraction and the neutral hydrogen mass of
strong absorbers evolve significantly with redshift and
this evolution follows the evolution of star-formation
rate of galaxies, suggesting a connection between the dis-
tribution of MgII absorbers and star-formation. These
results are in agreement with results from other probes:
(1) Redshift evolultion of the incidence rate
of strong absorbers: the incidence rate of strong
MgII absorbers have been known to increase toward
high redshift, a trend similar to the evolution of cosmic
star-formation density of the Universe (e.g., Prochter
et al. 2006; Zhu & Me´nard 2013b; Matejek, & Simcoe
2012). This similarity may suggest a physical connec-
tion between the two entities. In addition, Me´nard et
al. (2011) showed that the surface brightness of [OII]
emission associated with MgII absorbers observed in the
fiber of SDSS quasars correlates with the absorption
strength and redshift. Taking the evolution of dN/dz
and the [OII] emission together, Me´nard et al. (2011)
first showed that the cosmic star-formation density can
be reproduced via absorption line statistics. Matejek,
& Simcoe (2012) and Chen et al. (2017) further showed
that this consistency between the cosmic star-formation
density and the one inferred from MgII absorbers ex-
tends to redshift 5.
To understand the dN/dz of strong absorbers, Chen et
al. (2017) calculated the expected incidence rate by in-
tegrating dark matter halo mass function together with
assumed gas distributions in the halos. They found that
the model with the gas distribution scaling with halo
virial radius and with the integrated minimum halo mass
based on star-formation rate can best reproduce the in-
cidence rate of MgII absorbers. This result is consistent
with our findings.
(2) Physical properties of MgII absorbers: The
physical properties of MgII absorbers also provide infor-
mation about the associated galaxies. Lan & Fukugita
(2017) measured the metallicity and the gas volume
density of MgII absorbers and showed that the aver-
age metallicity of MgII absorbers is approximately so-
lar metallicity at redshift z < 1. Based on the galaxy
mass and metallicity relation (e.g., Fig. 5 in Man-
nucci et al. 2009), this metallicity corresponds to galaxy
stellar mass M∗ > 1010M, consistent with the ob-
served magnitude distribution of the associated galaxies
as shown in Figure 2. Furthermore, the hydrogen vol-
ume density of MgII absorbers is ∼ 0.3 cm−3 reported
in Lan & Fukugita (2017). If we assume that the cool
gas is in pressure equilibrium with the surrounding hot
gas, it would require hot gas around > 1012 M halos
(M∗ ∼ 1010.5M galaxies) to provide sufficient pres-
sure support (e.g., Mo, & Miralda-Escude 1996; Maller
& Bullock 2004; Lan & Mo 2019) for the observed gas
volume density of MgII absorbers.
We note that our results are not consistent with the
results of Chen (2012), showing that the average absorp-
tion of MgII around L* galaxies does not evolve signif-
icantly from redshift 0.3 to 2.2. While new additional
data is required to resolve the conflict, we propose that
this discrepancy could be due to the following factors:
• In our results, we find that only the covering frac-
tion of strong absorbers show strong redshift evo-
lution, while the covering fraction of weak ab-
sorbers does not. Chen (2012) adopted the mea-
surements of Bordoloi et al. (2011) and Steidel et
al. (2010), which were obtained by stacking all
the spectra. Therefore, the average absorption
strengths are contributed by both weak and strong
absorbers. This will dilute the signal of redshift
evolution.
• In addition, the redshift 0.25 measurements from
Chen (2012) were obtained with background
quasars, while the redshift 0.7 (Bordoloi et al.
2011) and redshift 2.2 (Steidel et al. 2010) mea-
surements were obtained with background galax-
ies. Because of the physical sizes of background
objects, these measurements may not probe the
same physical structure of the CGM. We also note
that the spectral resolution of zCOSMOS is too
low to resolve the doublet of MgII lines, which
could also dilute the absorption strength signal.
We emphasize that all the factors described above may
dilute the redshift evolution as shown in this work and
may result the inconsistency between the results of our
work and Chen (2012).
4.2. Origin(s) of MgII absorbers
The distribution of MgII absorbers around galaxies
and its redshift evolution add new information to dis-
entangle the mechanisms that give rise to the absorp-
tion line systems. Despite that there is no distinct fea-
ture in the rest-equivalent width distribution dN/dW of
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MgII absorbers, the evolution of weak (Wλ2796 < 1 A˚)
and strong absorbers (Wλ2796 > 1 A˚) and their connec-
tion to galaxies are significantly different. As shown in
the top panel of Figure 3, the covering fraction of weak
absorbers around both star-forming and passive galax-
ies depends on stellar mass, suggesting that a physical
mechanism purely connected to the mass of galaxies reg-
ulates the distribution of weak absorbers.
In contrast to weak absorbers, the covering fraction
of strong absorbers evolves with redshift. It would re-
quire additional mechanisms to explain such an evolu-
tion. While in Figure 6, we show that the redshift evolu-
tion of the covering fraction of strong absorbers follows
the redshift evolution of star-formation rate of galaxies,
the fact that the covering fraction around passive galax-
ies evolves similarly to the covering fraction around star-
forming galaxies suggests that the covering fraction of
strong absorbers may not trace the star-formation activ-
ity of central galaxies. Instead it may trace the global
star-formation rate in the vicinity of galaxies, including
the contribution of all the satellite galaxies (one-halo)
and neighboring halos (two-halo).
To test this scenario, we perform a simple estimation
for the gas cross-section around passive galaxies and the
expected contribution from star-forming satellite galax-
ies. We calculate the gas cross-section around passive
galaxies with
σpassive galaxies(< rvir) ∼ 2pi
∫ rvir
fc(rp) rp drp. (17)
If we consider the covering fraction of strong absorbers
observed around passive galaxies with M∗ ∼ 1011M at
redshift 0.6, the corresponding rvir is about 400 kpc and
the σpassive galaxies is about 6000 kpc
2.
We now estimate the gas cross-section from the CGM
of satellite galaxies. We use the measured stellar mass
function of star-forming satellite galaxies from Lan et
al. (2016) and the best-fit exponential fexpc to esti-
mate the total gas cross-section from satellite galax-
ies. We find that the total cross-section of galaxies with
M∗ > 109.5M is about 3500 ± 1200kpc2, consisting of
about 55±20% of the gas cross-section around a passive
galaxy with 1011M. All the gas cross-section can be
explained if we include the contribution of gas around
satellite galaxies down to M∗ > 109M by extrapolat-
ing the gas profiles down to the stellar mass range. This
calculation demonstrates that cool gas of star-forming
satellite galaxies is sufficient to explain a large fraction
of the cool gas around passive galaxies at low redshifts.
We note that this calculation does not include the con-
tribution of stripped gas from the ISM of galaxies which
is expected to further enhance the gas cross-section. We
note that Huang et al. (2016) also performed a simi-
lar calculation and argued that blue satellite galaxies
alone can only account for 15% of MgII covering fraction
around luminous red galaxies, a conclusion inconsistent
with our calculation. The main reason for the inconsis-
tency between our and their results is that in Huang et
al. (2016), the MgII covering fraction is assumed to be
dependent only on halo mass/stellar mass of galaxies,
while in our work, we show that with the same stellar
mass, the covering fraction of strong absorbers around
blue galaxies is 2-4 times higher than around red galax-
ies at small impact parameters.
As shown in Tal et al. (2013), the number of satel-
lite galaxies does not evolve significantly with redshift.
Therefore, to explain the redshift evolution of the power
law component of the covering fraction around passive
and star-forming galaxies with this satellite-origin sce-
nario, it requires the gas distribution around each satel-
lite galaxy becoming more extended. Such a property of
gas around star-forming galaxies has been observed; the
effective area of the exponential component, fexpc , be-
comes larger at higher redshifts and the corresponding
gas cross-section, σ, scales with redshift by ∼ (1 + z)3,
similar to the redshift evolution of the covering fraction
at large scales. This result suggests that gas associated
with satellite star-forming galaxies could contribute to
the gas absorption observed around both passive galax-
ies and star-forming galaxies and be responsible for the
redshift evolution. Such a contribution of gas associated
satellite galaxies to the CGM of massive galaxies is also
found in galaxy simulations (e.g., Hafen et al. 2019).
However, we note that the interaction between hot and
cool gas, which is expected to affect the survival of gas
of satellite galaxies, is not considered here. Depending
on the properties of hot gas and cool clouds, the interac-
tion can either destroy or grow cool clouds in the halos
(e.g., Li et al. 2019).
5. SUMMARY
By correlating ∼ 50, 000 MgII absorbers with photo-
metric galaxies detected in the DESI Legacy Imaging
Surveys, we extract and study the properties of galax-
ies associated with MgII absorbers based on an effective
sample of ∼ 15, 000 from redshift 0.4 to 1.3. The mea-
surements enable us to map out the distribution of cool
gas in the CGM as a function of absorption strength,
galaxy types, stellar mass, impact parameter and red-
shift. Our findings are summarized as follows:
1. The covering fraction of MgII absorbers increases
with stellar mass of galaxies by ∼M0.4 , while after
we normalize the impact parameters by the virial
radius of dark matter halos, the gas distributions
around galaxies with mass from 109 to 1011M
become weakly dependent on stellar mass.
2. We characterize the gas profiles of strong ab-
sorbers around star-forming galaxies with a combi-
nation of an exponential and a power law profiles,
one capturing the inner gas distribution and the
other for the outer region. In contract, a power
law profile is sufficient to describe the gas dis-
tribution around passive galaxies. We find that
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within 0.3rvir, the covering fraction of strong ab-
sorbers around star-forming galaxies is about 2-
4 times higher than that around passive galaxies,
demonstrating that the dichotomy of galaxy types
is reflected in the cool CGM at all redshifts.
3. The covering fraction of strong absorbers
(Wλ2796 > 1 A˚) around both star-forming and
passive galaxies evolves significantly with redshift,
similarly to the evolution of star-formation rate
of galaxies. In contrast, the covering fraction for
weak absorbers (0.4 < Wλ2796 < 1 A˚) is consistent
with no redshift evolution.
4. We estimate the mass of neutral hydrogen traced
by strong absorbers within the virial radius of dark
matter halos and show that the neutral hydrogen
mass, MHI, in the CGM increases with stellar mass
and evolves with redshift. The redshift evolution
of MHI is consistent with the redshift evolution
of star-formation rate of galaxies. Given that the
redshift evolution is observed in the CGM of both
star-forming and passive galaxies, the evolution of
the cool gas may reflect the global star-formation
activity (i.e. including all the contribution from
satellite galaxies) in the halos instead of the star-
formation activity of central galaxies.
5. We estimate the neutral hydrogen mass only as-
sociated with the star-formation rate of central
galaxies by subtracting the HI mass around pas-
sive galaxies from the mass around star-forming
galaxies. We find that this excess mass is pro-
portional to the SFR of galaxies, δMHI ∝ SFR.
This result demonstrates that the evolution of the
cool gas in the CGM traces the evolution of star-
formation rate of galaxies at all redshifts. In other
words, galaxies and their CGM co-evolve with
time.
These results provide novel relationships between galax-
ies and their CGM and quantitative constraints on mod-
els of galaxy evolution and formation, which shed new
light onto the physical mechanisms that drive the cosmic
baryon cycle.
The statistical technique applied in this work is pow-
erful for extracting information from imaging surveys.
It can be applied to any ongoing and future imag-
ing surveys, such as HSC (Aihara et al. 2018), LSST
(Ivezic´ et al. 2019), and Euclid (Amiaux et al. 2012).
These deep surveys will enable us to push the study
of galaxy-absorber connection to higher redshifts and
fainter galaxies than the ranges probed in the work. In
addition, at high redshifts, one can use different CGM
tracers such as CIV ( ∼ 104.5−5 K, e.g., Cooksey et al.
2013), which is available in optical spectra at z > 1.5.
On the other hand, future large spectroscopy surveys,
such as DESI (Schlegel et al. 2011; Levi et al. 2013),
SDSS-V (Kollmeier et al. 2017), 4MOST (de Jong et al.
2016) and MOONs (Cirasuolo & MOONS Consortium
2016), will offer more spectra, increase the sample size
of absorption line systems, and improve the signal-to-
noise ratio of the cross-correlation measurements. Taken
together, the combination of the technique and future
datasets will enable us to probe the connection between
galaxies and the multi-phase CGM and advance our un-
derstanding of galaxy formation and evolution.
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Table 1. Best-fitting slopes for 50-600 kpc
Star-forming Passive galaxies
0.4 < Wλ2796 < 1 A˚ −1.42± 0.06 −1.01± 0.05
Wλ2796 > 1 A˚ −1.40± 0.06 −1.33± 0.06
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Table 2. Best-fitting parameters for MgII covering fraction from 50 < rp < 600 kpc (top) and for neutral hydrogen mass within
rvir (bottom)
Star-forming Passive galaxies
A α β A α β
0.4 < Wλ2796 < 1 A˚ 0.026± 0.006 1.2± 0.4 0.50± 0.05 0.040± 0.010 −0.1± 0.4 0.34± 0.07
Wλ2796 > 1 A˚ 0.008± 0.002 2.2± 0.4 0.53± 0.05 0.007± 0.002 2.5± 0.4 0.20± 0.07
MHI(0.4 < Wλ2796 < 1 A˚)[10
9M] 0.18± 0.05 1.6± 0.5 0.75± 0.07 0.12± 0.04 0.3± 0.5 1.17± 0.12
MHI(Wλ2796 > 1 A˚)[10
9M] 0.23± 0.06 3.1± 0.4 0.64± 0.06 0.10± 0.03 2.9± 0.5 0.95± 0.12
Table 3. Best-fitting parameters for MgII covering fraction normalized by virial radius
A α β γ c d
Star-forming
0.4 < Wλ2796 < 1 A˚ 0.014± 0.003 1.4± 0.4 0.18± 0.04 −1.14± 0.05 - -
Wλ2796 > 1 A˚ 0.0024± 0.0011 3.0± 0.8 0.11± 0.07 −0.94± 0.20 0.06± 0.01 1.4± 0.3
Passive
0.4 < Wλ2796 < 1 A˚ 0.026± 0.006 0.8± 0.4 −0.32± 0.06 −0.77± 0.05 - -
Wλ2796 > 1 A˚ 0.004± 0.001 4.0± 0.4 −0.64± 0.06 −1.08± 0.05 - -
A. A CORRECTION FUNCTION FOR GALAXY NUMBER COUNTS AT SMALL SCALES
When two objects are close to each other on the sky, they will blend together and the imaging algorithm could
fail to de-blend the two objects. In this analysis, faint galaxies close to bright quasars may not be detected by the
algorithm due to the blending effect and therefore directly counting number of detected galaxies at small angular
scales will underestimate the intrinsic galaxy number. To correct for this blending effect, we empirically estimate the
probability of detecting galaxies near bright quasars. We use our reference quasars with targeted absorbers at redshifts
higher than 1.6. The selection ensures that all the quasars are at redshift higher than 1.6 so that galaxies physically
clustering with quasars do not affect the measurements. We search photometric galaxies in the Legacy Surveys around
the quasar sample, and calculate the surface number density of galaxies as a function of angular separation, galaxy
brightness, and color. Figure 7 show the surface number density of galaxies as a function of angular separation from
the central quasars. The surface number density of galaxies is normalized by the surface number density obtained at
75” < θ < 100”.
As can be seen in Figure 7, the surface number density of galaxies is much lower than 1 within 3” of quasars due to
the blending effect. We find that the normalized galaxy number can be described by 1/w where w is the correction
function. The function can be parameterized as
w(θ) = 1 + C × e−θ2/2. (A1)
The color dashed lines in Figure 7 show the best-fit for each galaxy color bin and magnitude bin. We find that the
galaxy detection rate weakly depends on galaxy color but depends on galaxy brightness. Therefore, we obtain a global
best-fit correction function,
w(mag, θ) = 1 + (54± 5)×
(
mag
20
)20.3±1.3
× e−θ2/2, (A2)
which is shown by the black lines. In this work, we use Eq. A2 to statistically recover the galaxy number counts close
to quasars.
B. COVERING FRACTION AS A FUNCTION OF STELLAR MASS AND REDSHIFT
Here we present the measured covering fraction as a function of stellar mass and redshift. In this paper, we focus on
stellar mass bins having the signal-to-noise ratios of the mean number of galaxies associated with absorbers, 〈Nabsgal 〉,
measured within 200 kpc greater than 2. Figure 8 shows the covering fraction of weak absorbers (0.4 < Wλ2796 < 1 A˚,
upper panel) and strong absorbers (Wλ2796 > 1 A˚, lower panel) around star-forming (blue data points) and passive
galaxies (red data points) from 20 kpc up to 600 kpc. The stellar mass of galaxies increases from left to right and the
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Figure 7. Normalized surface density of galaxies around quasars at z > 1.6. The brightness of galaxies, listed on the top of each
panel, increases from left panel to right panel. The colors indicate three galaxy color bins, 0.5 < g− z < 2 (blue), 2 < g− z < 3
(green), and g − z > 3 (red). The color dashed lines show the individual best-fit functions and the black solid lines illustrate
the global best-fit function.
redshift from top to bottom. We fit each covering fraction with a power law profile (Equation 6) and the best-fitting
values are listed in Table 1 and Table 2. The best-fit power laws are shown in Figure 8 with the color bands indicating
1σ uncertainties. We exclude the covering fraction at impact parameters rp < 50 kpc while obtaining the best-fits
given that the excess absorption in the inner region of the cool CGM of star-forming galaxies tends to depart from the
gas absorption at larger scales. Such a behavior can be observed in Figure 8 and previous studies (e.g., see Fig 8 in
Lan et al. 2014). We note that all the best-fit parameter values listed in the paper are obtained from measurements
with finer stellar mass and redshift bins, with 0.3 dex interval for stellar mass and 0.15 interval for redshift, than the
binning showed in the figures which is chosen for clear presentation.
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